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B '. ABSTRACT 

^ ; 
\o ' 

^ ■ We present a study of a faint fuzzy star cluster system in the nearby SBO 

^ ' galaxy NGC 5195 interacting with the famous spiral galaxy NGC 5194 (M51), 

>- ■ based on HST ACS BVI mosaic images taken by the Hubble Heritage Team. 

^ ■ We have found about 50 faint fuzzy star clusters around NGC 5195 which are 

CN ■ larger than typical globular clusters with effective radii rg// > 7 pc and red 

Q ■ with {V — I) > 1.0. They are mostly fainter than My ~ —8.3 mag. From 

^ ■ the comparison of BVI photometry of these clusters with the simple stellar 

' population models, we find that they are as massive as ~ 10^ Mq and older 

p i' than 1 Gyr. Strikingly, most of these clusters are found to be scattered in an 

Q ■ elongated region almost perpendicular to the northern spiral arm of NGC 5194, 

■ and the center of the region is slightly north of the NGC 5195 center, while 

■ normal compact red clusters of NGC 5195 are located around the bright optical 
^ ■ body of the host galaxy. This is in contrast against the cases of NGC 1023 and 

^ ■ NGC 3384 where spatial distribution of faint fuzzy clusters shows a ring structure 

■ around the host galaxy. We suggest that at least some faint fuzzy clusters are 
experiencing tidal interactions with the companion galaxy NGC 5194 and must 
be associated with the tidal debris in the western halo of NGC 5195. 

Subject headings: galaxies: individual (NGC 5195) — galaxies: spiral — galaxies: 
interaction — galaxies: evolution — galaxies: star clusters 



1. INTRODUCTION 

Faint fuzzy star clusters are peculiar star cluster populations which are large (rg// > 7 
pc), faint {My > —8.0), and red {{V — I) > 1.0). They are much larger than typical Galactic 
globular clusters, but are as red as old globular clusters. These star clusters were introduced 
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as a new family of star clusters by Larsen & Brodie (2000) in their study of the nearby 
lenticular galaxy NGC 1023. Although extensive searches over four early-type galaxies (three 
SO's and one E) were made by Larsen et al. (2001), these clusters were found only in two 
SBO galaxies NGC 1023 (SBO) and NGC 3384 (SBO), and were not found in NGC 3115 (SO) 
and NGC 3379 (El). 

The main characteristics of these clusters derived from the imaging and spectroscopic 
studies (Larsen & Brodie 2000, 2002; Brodie & Larsen 2002) are summarized as follows: 
(1) They are larger than normal old globular clusters. Their effective radii range from 7 to 
15 pc, while the effective radii of typical globular clusters in our Galaxy are 2-3 pc; (2) They 
are faint. Most of them are fainter than My > —8 mag; (3) They are associated with disks 
of their host galaxies, showing a systematic rotation similar to the rotation of the disk; (4) 
Those in NGC 1023 are moderately metal-rich with [Fe/H]= -0.58 ± 0.24 dex, and are a 
element-enriched with [a/Fe]^ 0.3 ~ 0.6 dex; and (5) those in NGC 1023 are older than 7-8 
Gyr; (6) their origin is regarded to be associated with the interaction of host galaxies with 
their neighbors. 

During this study, Peng et al. (2005) reported that 12 early-type galaxies in Virgo 
cluster harbor a significant number of diffuse star clusters, and that nine of them are SOs. 

These clusters have low luminosities (My > —8), a broad spectrum of size (3 < r/i < 30 
pc), and a broad range of color (0.3 < {g — z)q < 1.9), and they are predominantly red with 
{g ~ z)q > 1.0. These clusters arc mainly characterized by the (/-band low surface brightness 
IJg > 20 mag arcscc^^. The red population of these diffuse star clusters shares common 
features with faint fuzzy clusters, and faint fuzzy clusters are considered to be a subset of 
the diffuse star clusters. 

Recently, Lee, Chandar, & Whitmore (2005) reported the discovery of a dozen of faint 
fuzzy clusters in NGC 5195, which made this galaxy the third known SBO galaxy inhabited 
by this rare family of star clusters. However, due to the limited spatial coverage and filters 
(VI) of the HST WFPC2 data they used, details of these clusters remain to be known: How 
many such clusters exist in NGC 5195? How wide are they distributed? How old are they? 

In the course of our study of star clusters in the M51 system. We have used HST ACS 
mosaic images of NGC 5195 to get the answers to the above questions. In this letter, we 
report a spatial distribution of these faint fuzzy star clusters in NGC 5195. 
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2. DATA AND REDUCTION 

The data used in this study were obtained by the Hubble Heritage Team using HST 
ACS with F435W(B), F555W(V), F814W(I), and F658N(Ha) fihers through HST observing 
program 10452 (P.I.: Steven V. W. Beckwith) to commemorate the HST^s 15th anniversary. 
All the necessary data reduction processes were done by the STScI including multi-drizzling 
for image combination before public release of the data. Details of the data reduction are 
given in Mutchler et al. (2005) and their website (http://archive.stsci.edu/prepds/m51/). 

We adopt a distance to NGC 5195 of 8.4 ± 0.6 Mpc ((m - M)o = 29.62), determined 
from the planetary nebula luminosity function in M51 (Feldmeier, CiarduUo, & Jacoby 1997). 
The corresponding linear scale is 40.7 parsecs per arcsecond. The HST ACS mosaic data 
have pixel sizes of 0.05" after the multi-drizzle process. 

The foreground reddening toward NGC 5195 is low, E(B — V) — 0.035 (corresponding 
extinctions are As — 0.150, Ay — 0.115, Aj — 0.067 mag) (Schlegel, Finkbeiner, & Davis 
1998). The total magnitudes and colors of NGC 5195 are = 10.45±0.07 mag, {B'^-V'^) = 
0.90 ± 0.01 (de Vaucouleurs et al. 1991). For the adopted distance its absolute magnitudes 
are = —19.32 mag and My — —20.19 mag, respectively. 

3. SELECTION OF STAR CLUSTERS 

At the distance of NGC 5195, typical stellar clusters will appear somewhat more ex- 
tended than stars in the HST ACS images. We made use of this information in radial 
profiles of detected objects, plus other morphological criteria, in order to separate clusters 
from stars and background galaxies. Details of the source detection, photometry, and star 
cluster selection processes are given in Hwang et al. (2006), and only a brief description is 
presented here. 

In order to identify star clusters using morphological information, we utilized SEX- 
TRACTOR (Bertin & Arnouts 1996), a program which builds catalogs of objects from 
astronomical images and provides morphological information as well. This routine provides 
a number of morphological parameters which are very useful for separating star clusters from 
the majority of stars and background galaxies. 

First, we identified all objects in the V band images using SEXTRACTOR. A detection 
threshold of Aa was used for finding objects in the images. Secondly, we made a sample 
of star cluster candidates brighter than V = 24 mag using the morphological parameters 
provided by SEXTRACTOR. Finally we selected star clusters by visual inspection of the 
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images of these candidates. We divided the clusters into two classes: Class 1 for clusters 
with normal circular morphology, and Class 2 for clusters with asymmetric morphology. The 
number of star clusters we have found in the region of 6.8' x 4.0' around NGC 5195 is 283 
(246 for Class 1 and 37 for Class 2). We used only Class 1 clusters in this study. 

We estimated the effective radii of these clusters using ISHAPE provided by Larsen 
(1999). For the point spread function (PSF) required for ISHAPE, we constructed an empir- 
ical PSF by carefully selecting isolated stars scattered evenly in the neighborhood of NGC 
5195. Variation of the PSF profile shape is found to be not significant, if any, around NGC 
5195 field. 



4. RESULTS 

Fig. 1 shows the color-magnitude diagram (CMD) of all the measured star clusters in the 
6.8' X 4.0' field around NGC 5195. One remarkable feature seen in Fig. 1 is that red clusters 
are, on average, quite larger than blue clusters. We plot the effective radii vs. {V — /) color 
of the clusters in Fig. 2. The dashed line in Fig. 2 marks the effective radius rg// of 7 pc 
used by Larsen & Brodie (2000) to separate out extended, faint fuzzies from more typical, 
compact globular clusters. Fig. 2 shows that there are a significant number of large red 
clusters with {V — I) > 1.0. The second feature in Fig. 1 is that extended clusters (marked 
by filled circles) are concentrated in a small range of colors. We consider the star clusters 
with rpff > 7 pc and residing in both 1.0 < (V^ — J) < 1.5 and 0.6 < (B — V) < 1.1 color 
domain to be faint fuzzy clusters. About 45 % (49 out of 109) red clusters are found to 
be faint fuzzy star clusters and all the faint fuzzy clusters discovered by Lee, Chandar, & 
Whitmore (2005) were confirmed. It should be noted that, however, our criteria to select 
faint fuzzy clusters are phenomenological, just following Larsen & Brodie (2000). 

We have derived age and mass of these clusters by fitting the BVI photometry of the 
clusters with the spectral energy distribution in the simple stellar population models of 
Bruzual & Chariot (2003). We adopted the solar mctallicity {Z = 0.02), following Lee, 
Chandar, & Whitmore (2005). The derived ages of clusters range from 1.2 to 13.2 Gyr. The 
range of ages will be 1.0 - 3.4 Gyr for Z=0.05, and 2.4 - 19.1 Gyr for Z=0.008, respectively. 
The cluster masses are estimated to be 4.2 x 10^ - 3.4 x IO^Mq for Z=0.02, 2.1 x 10^ - 
2.4 X IO^Mq for Z=0.05, and 6.0 x 10^ - 4.7 x IO^Mq for Z=0.008. This shows that these 
clusters are indeed older than 1 Gyr and as massive as 10^ - lO^M©. 

We display the spatial distribution of faint fuzzy star clusters of NGC 5195 in Fig. 3: 
filled circles for bright clusters with V < 23.3 and open circles for faint clusters with V > 23.3. 
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The magnitude cut oi V — 23.3 is adopted to reduce any possible contamination due to 
background galaxies. Of all the 17 galaxies with V < 2A mag identified in the NGC 5195 
field, five galaxies are found to be larger than re// = 7 pc and to belong to the color- 
magnitude parameter spaces of faint fuzzy clusters. Among those galaxies, three galaxies 
with V < 23.3 are found to show either very extended surface brightness profiles or evident 
non-circular morphologies. This makes the distinction between galaxies and faint fuzzy 
clusters quite robust for the candidates brighter than V — 23.3 mag. Therefore, faint fuzzy 
clusters with V < 23.3 are considered to be a safe sample with negligible background galaxy 
contamination. 

Several striking features are seen in Fig. 3. First, faint fuzzy clusters are not distributed 
uniformly around the center of NGC 5195. Instead, most of these clusters appear to be 
located in an elongated region almost perpendicular to the northern spiral arm of NGC 
5194, while some clusters are scattered out of this area. On the other hand, compact red 
clusters in the lower panel show quite a different distribution: most of them are distributed 
around the bright optical main body of NGC 5195. 

Secondly, most blue star clusters with {V — I) < 0.7 are composing a remarkably narrow 
sequence along the northern spiral arm of NGC 5194 passing through the eastern part of 
NGC 5195. A few blue clusters that are located in the southern area of NGC 5195 are 
considered to be members of NGC 5194. 

Third, comparison with the distribution of planetary nebulae of M51 system Durrell et 
al. (2003) shows some common points with that of faint fuzzy clusters, especially in the 
western halo of NGC 5195. Durrell et al. (2003) pointed out that the complex kinematics 
of the planetary nebulae in this region may be due to tidal interaction in the M51 system. 
Therefore it appears that some faint fuzzy clusters in this region may also belong to tidal 
debris. 

Fourth, although the faint fuzzy cluster system of NGC 5195 shows an elongated struc- 
ture, it is not clear whether these clusters are distributed along a ring-like geometry, as in 
the case of the faint fuzzy clusters in NGC 1023 (Larsen & Brodie 2000; Brodie & Larsen 
2002). 

Fifth, considering the theoretical evolutionary model fitting results that the faint fuzzy 
clusters in NGC 5195 are older than 1 Gyr, the difference in the spatial distribution between 
the faint fuzzy clusters and blue young clusters can be attributed to the different formation 
epochs and environments: the faint fuzzy clusters were formed around NGC 5195 before the 
interactions with NGC 5194, while the young clusters are the results of the induced star 
formation triggered by the interaction that took place about 100 ~ 500 Myr ago (Salo & 
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Laurikainen 2000a,b). 

5. DISCUSSION AND CONCLUSION 

Brodie & Larsen (2002) noted that faint fuzzy clusters were found in only two late- 
type SBO galaxies, NGC 1023 and NGC 3384, among four early type galaxies investigated. 
Various observations that found several features of interaction in NGC 1023 (TuUy 1980; 
Capaccioh, Lorenz, & Afanasjev 1986) and NGC 3384 (Busarello et al. 1996; Sil'Chenko 
et al. 2003) suggest that the formation of faint fuzzy clusters in these galaxies are maybe 
related to the interaction of their host galaxies with neighbors (Brodie & Larsen 2002). 
This is supported by theoretical studies (Fellhauer & Kroupa 2002, 2005; Burkert et al. 
2005). Peng et al. (2005) noted that only two of the galaxies hosting diffuse star clusters 
have nearby neighbor galaxies. We found from an inspection of the POSS maps and the 
data in NED-*^ of their sample that 40% of 10 bright galaxies with Mb < —18 show hints 
of interaction (e.g., existence of neighbor galaxies, asymmetric outer halo) and 60% of them 
are SBO or SABO. Diffuse star clusters in bright galaxies (Mb < —18) are found either in 
SBOs or in interacting galaxies. The only exception is VCC 1720 (SA), which happens to 
be the faintest among the bright sample (Mg = —18.9). Therefore, major interaction of 
the host galaxy with its companions or the existence of a bar appears to be a key to the 
understanding of the origin of faint fuzzy clusters and diffuse star clusters in these galaxies. 

NGC 5195 is also a peculiar SBO galaxy interacting with another barred spiral galaxy 
NGC 5194 which is two or three times more massive than NGC 5195 (Schweizer 1977). 
However, the estimated ages of the faint fuzzy clusters suggest that it is not likely that these 
clusters were formed during the encounter with NGC 5194. This is in contradiction with the 
theoretical merging models proposed for the formation of faint fuzzy clusters in NGC 1023 
(Fellhauer & Kroupa 2002). This result indicates that the faint fuzzy clusters might have 
formed during the interaction of galaxies much earlier than the age range investigated in the 
previous dynamical models or they might have formed via some other mechanisms. 

To date, NGC 1023 is the only galaxy which has been confirmed to have a rotating disk 
system composed of faint fuzzy clusters (Brodie & Larsen 2002; Burkert et al. 2005). Peng 
et al. (2005) found that diffuse star cluster populations in nine SO galaxies in Virgo cluster 
are both aligned with the host galaxy light and associated with galactic disks. Nonetheless, 
the faint fuzzy clusters in NGC 5195 do not show any definite evidence in their spatial 
distribution supporting their association with the optical disk of NGC 5195. The elongated 



^The NASA/IPAC Extragalactic Database, http://nedwww.ipac.caltech.edu. 
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distribution of the faint fuzzy clusters looks different from the bright optical body of NGC 
5195 that is rather circular with ellipticity e = 0.21 and inclined about 37° (north side to 
our direction) (de Vaucouleurs et al. 1991). However, faint stellar light is seen in the region 
where the faint fuzzy clusters arc found. In addition, the center of the elongated distribution 
of the faint fuzzy clusters is off about 1' northwest from the center of NGC 5195. Hence, it 
is not evident whether the faint fuzzy clusters belong to the disk of NGC 5195. 

What if the elongated distribution should be the revelation of any physical structure 
unknown? From HI observation, NGC 5195 was found to be nearly deficient in HI gas except 
for the gas associated with the spiral arm of NGC 5194 touching its east side (Rots et al. 
1990). Only in the very center of NGC 5195, a high content of gases is detected from CO 
and HCN observation by Kohno et al. (2002). Therefore we conclude that the elongated 
structure should be very old and devoid of gas. 

It is also possible that the faint fuzzy clusters showing the elongated distribution as 
a whole may belong to the debris of tidal interactions between NGC 5194 and NGC 5195. 
Chandar, Whitmore, & Lee (2004) found 20 large globular clusters with rg// > 7 pc in the 
four HST WFPC2 fields of NGC 5194, much more than in other spiral galaxies in their 
sample. Nine of these clusters are similar to faint fuzzy clusters found in NGC 5195. This 
indicates that faint fuzzy clusters might be dispersed not only over NGC 5195 but also over 
NGC 5194 through the interactions. It is noted, however, that about a dozen faint fuzzy 
clusters were found in one HST WFPC2 field of NGC 5195 by Lee, Chandar, & Whitmore 
(2005), while only nine clusters were found in the four HST WFPC2 fields of NGC 5194. 

Recently, Burkert et al. (2005) suggested a scenario that the passage of a small compan- 
ion galaxy through or near the center of a disk galaxy could result in the annular distribution 
of faint fuzzy clusters in NGC 1023. In M51 system, the mass of NGC 5195 is 1/2 to 1/3 
of that of NGC 5194 and the faint fuzzy clusters are not in a well-defined annular but in an 
elongated distribution, which is quite a different case from NGC 1023. Therefore Burkert et 
al. (2005) 's scenario may not be applied to the case of NGC 5195. 

In summary, we present a study of faint fuzzy clusters in NGC 5195 based on the analysis 
of the HST ACS BVI mosaic images. We found about 50 such clusters in the 6.8' x 4.0' 
field around NGC 5195. Most of the faint fuzzy clusters appear to be distributed over an 
elongated region whose center is about one arcmin off from the center of NGC 5195. while 
compact red clusters are located around NGC 5195. Some faint fuzzy clusters are at least 
regarded as parts of tidal debris produced by the interactions between NGC 5194 and NGC 
5195. Spectroscopic studies are needed to investigate the age, metallicity, and kinematics of 
these faint fuzzy clusters and to understand their origin. 
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Fig. 1. — V — {V — I) and V — {B — V) diagrams of all the measured star clusters in the 
6.8' X 4.0' field around NGC 5195. The size of the symbols is proportional to the effective 
radius rg// of each cluster. Clusters with rg// > 7 pc are shown as filled symbols. Note the 
overdensity of large clusters with rg// > 7 pc in 1.0 < — /) < 1.5 and 0.6 < {B — V) < 1.1 
(dashed line boxes), which are selected as faint fuzzy clusters (red filled circles). 
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Fig. 2. — Effective radii r^ff (pc) vs. {V — I) of star clusters in the field of NGC 5195. 
Dashed line marks r^ff — 7 pc used as a boundary for selecting faint fuzzy clusters. 




Fig. 3. — Spatial distribution of NGC 5195 star clusters. Red circles in the upper panel are 
faint fuzzy clusters, whereas black circles in the lower panel are compact red clusters with 
1.0 < {V — I) < 1.5. Bright clusters with V < 23.3 are marked by filled circles and faint 
clusters with V > 23.3 by open circles in each panel. The size of the circles is proportional 
to the luminosity of the corresponding clusters: the bigger, the brighter. Squares represent 
blue clusters with {V — I) < 0.7. A large ellipse in each panel represents an approximate 
optical extent of NGC 5195 with position angle 79° and ellipticity e = 0.21 (de Vaucouleurs 
et al. 1991). A large plus sign in each panel indicates the center of NGC 5195. 



